Theoretical analysis and preliminary experiment on ionization instability of intense laser pulses in ionizing plasmas are presented. The ionization instability is due to the dependence of the ionization rate on the laser intensity and scatters the laser energy off the original propagation direction.
INTRODUCTION
Propagation of intense laser beams through gases and plasmas is of current interest not only for basic understanding of new physical phenomena, but also for its practical applications such as X-ray lasers, plasma accelerators, the fast igniter inertial confinement fusion concept, and possibly for laser triggered lightning. Intense laser propagation is normally subject to a number of instabilities such as Raman scattering, self-focusing in the relativistic regime, hose instability, and others [1] . In partially ionized plasmas, the situation is more complicated due to the nonlinear contribution from both the bound electrons and the free electrons to the dielectric response of the propagation medium [2-3J. Among these instabilities, one category that was predicted 20 years ago yet has received very little attention is the scattering of the electromagnetic wave by collective amplification of modulations of electron density due to the field dependence of the ionization rate [4] [5] [6] . Such modulations are seeded due to the nonuniformity of the transverse profile of the laser beam and generate density striations perpendicular to the oscillating laser field, which in turn scatter the laser energy and reinforce the modulation of the laser profile, leading to the growth of the instability. As this can scatter the laser energy rapidly, it affects many of the applications that involve dynamic ionization. Examples are the efforts to use self focusing to overcome the ionization diffraction and propagate pulses long distances [7] , and the effort to develop X-ray lasers [8, 9] . A similar type of instability has been studied in a microwave discharge [10] , but it has not yet been observed with a powerful pulsed laser.
We report theoretical analysis and preliminary experimental study of the ionization instability of a high intensity ultrashort laser pulse.
THEORETICAL ANALYSIS
Physically, the instability is caused by the inhomogeneous spatial profile of the laser beam, which in turn causes inhomogeneous ionization across the beam. Such ionization instantaneously modifies the local permittivity hence the local filed intensity. The modified field intensity feed back to the change in the permittivity by changing the ionization rate, and the instability grows.
Considering a laser beam propagating in a hydrogen gas, the system can be described by the wave equation of the laser electric field E and the rate equation of the plasma [6] , (1) =v(IEI)(l-) .
(2) tflg flg Here e and n are the densities of the electrons and the background gas, V is the ionization rate, and k is the plasma wave vector. One can rewrite the electric field in the form of a normalized amplitude a=eE/(mc2k0) (where k0 is the wave vector of the laser) and express a and e as a = a0 +&÷e'-+ae', n=n0+ne' +n*e_1. (3) Here k1 is the wave number in transverse direction and denotes perturbations. Insert Eq. (3) into Eqs. (1-2), we can obtain equations describing the relatively stable "equilibrium" part and the unstable perturbation part separately. The perturbation parts are as following, Here =ct-z, and k1 describes the coupling between the field and density perturbation. k1 is non-zero only when ionization rate depends on field intensity and when the gas is partially ionized. Assuming a slowly evolving "equilibrium" part e and a0, a time and space dependence for &÷ and n of the form exp[i(k-kz)]=exp(r), with an impulse disturbance initialized at =z=O, one can obtain the real part of the exponential within the pulse envelope as [6] :
For k±>>k, maximize Re(f) over for fixed z, the growth rate along the laser axis can be written as k1 2
Re(r')= 4ko(V/cY (6) From the above analysis, we notice several characteristics of the ionization instability. The first is its dependence on the ionization rate. Obviously, the instability grows only when the gas is ionizing, i.e., when
As a result, in gases like hydrogen and helium, the instability should be less significant than in gases like nitrogen and argon because they have less ionization stages and can be fully ionized at relatively low laser intensity. For example, He can be fully ionized at an intensity of -8.5x10'5 W cm2, while for Ar the ionization intensities ranges from 2.5x10'4 to 1 .6x10'8 W cm2 for the outmost 8 electrons. Secondly, high density plasmas are more subject to the instability as can be clearly seen in the Eq. (6). Finally, less obvious but equally important is the convective nature of the ionization instability. It is clear that when the transverse wave vector k1 is zero no instability can grow. However, with large k1, the group velocity of the scattered wave along the z axis, i.e., Vg c(1 -k 1k02)"2, decreases, and the wave will fall behind the laser pulse soon and be convected out of the unstable region. The convective nature eventually determines the angle at which the laser is scattered off the plasma. Time (ps) Figure 2 . A typical frog trace of the pulse from the laser system, the pulse energy is 50 mJ and the pulse duration is 100 fs. To observe the ionization instability, an experimental setup as given in Fig. I is implemented. The laser beam is sent into the target chamber though a MgF2 window and is focused by an f/I off-axis parabola into a gas jet at about 0.6 mm above the nozzle orifice. The vacuum focal spot is elliptic with a FWHM (full width at half maximum) of 4.9 jim by 2.1 im in each dimension, corresponding to a Rayleigh length of about 40 tim. With 50% of the energy in the focal spot, the focusing intensity is of -l.5x10't W cm2 in vacuum. The input laser pulse were analyzed in situ by a frequency resolved optical gating (FROG) device [111, and reveal a near Gaussian envelope with 103 fs FWHM and a flat phase (Fig. 2) . The gas jet can be 252 Figure. translated along the laser axis to allow the laser to sample different portion of the density profiles.
To obtain the density profile of the gas jet, an interferometer is implemented using a probe beam split from the main beam. This probe beam crosses the main beam at the interaction region and is timed through a delay line. The neutral density profile is measured and found to have a FWHM of -1 .2 mm for all backing pressures [ Fig. 3 (a) and (b) ]. Because the spatial resolution of this interferometer (-50 rim) is too low to obtain useful information on the plasma left after the pulse passes through the jet, in most of the experiments it was used as a shadowgraph by blocking one of the interfering beams. A spectrometer is installed at an angle of 400 from the laser axis. It has an acceptance angle of -1 02 ster rad and spatial resolution along the laser axis of -10 im and provides the intensity of the scattered light as a function of the frequency and the propagation distance.
Experimental results and discussion
The spectrometer and the shadowgraph provided information both about the propagation of the laser and the generated plasma. A set of shadowgrams with the corresponding spatially resolved side-scattered spectra for Ar at 200 psi backing pressure is given in Fig. 3 . The cross calibration of the z axis is believed to accurate to -.50 tm. Figures 4 (a), (b), and (c) show the cases when the laser, which propagates in the z direction, is focused at 1 , 0.5 and 0. 1 mm before the center of the gas jet, denoted as z=-l,-O.5 and -0. 1 mm. The origin z=O is at the center of the gas jet. The corresponding neutral densities at the vacuum beam waist location are a°•4, 1.4, and 2x10'9 cm3, respectively.
In the shadowgrams, shadows reflect the phase perturbation of the probe beam due to the local increase of the electron density. Therefore, the shadowgrams, taken at about 10 ps after the interaction, record the structure the electron density. In Fig. 4 (a) , the shadowgram does not show any well defined pattern until -.0.5 mm after the vacuum focus at which point the shadow splits into a set of structures pointing at certain angles off the laser axis. These structures are better seen in the case with z=-O.5 mm in Fig. 4 (b) , where the shadow suddenly reveals several 'feather' structures at -0.4 mm after the focus. In Fig. 4 (c) , these feather structures dominate the shadow of the -0.6 mm propagation.
Equally interesting are the features in the spatially resolved spectra, particularly the one in Fig. 4 (c) , where the spectral components can be categorized into two groups. One group is the blue shifting, weak features with smooth spatial profiles along the z direction, marked with letter 'A' in the spectrum. The second is these with sharp spatial features in the z . .
. .
Upon two times ionization the electron density is -l.2x10 focusing position and the center of the gas Jet (z1) and the nonlinear direction and higher intensity (note that a logarithmic scale is used to show the low intensity features). The differences of spectral and spatial patterns between the two suggest that they have different origins. The progressive blue shift of group A is clearly due to ionization, and can be attributed to Thomson scattering at the ionization front. The high intensity group, the locations of which have clear correlation to that of the 'feather' structures in the shadowgram, can be attributed to a coherent scattering effect of the laser. While the scattered spectrum is too weak to see in Fig. 4 (a) (therefore not shown here), we observed a similar correlation for Fig. 4 (b) .
The correlation between the spatial position of the feathers in the shadowgram and the high intensity sharp spatial component in the spatially resolved spectra suggests the following scenario: The laser light is scattered by a certain mechanism that deflects the light off its original propagation direction and leaves ionization track along its path. The scattered light is collected by the spectrometer and the ionization tracks are captured by the shadowgram as the feathers, which approximately reveal the direction of the scattered wave.
We identify the scattering as due to the ionization instability, because it clearly displays those expected characteristics mentioned in our previous analysis.
First, with a similar initial perturbation and ionization rate, Eq. (6) suggests that the higher the plasma density (higher kr), the more serious the instability grows. This can easily be verified by the difference of the shadowgrams in Fig. 4 : the closer to the center of the jet the laser focuses, where the plasma density is higher, the more significant the feather structures manifest themselves.
This dependence of the growth rate on the plasma density can be more clearly illustrated by measuring the relative scattered energy. As the ionization instability grows from local spatial modes of the laser, the scattered energy is roughly proportional to the growth of the instability, or Eocexp{ zkk /[4k0(V/c)] }ocexp(ana). Here a= zk1 /[4k0(v/c)] is approximately a constant if the same gas is used and the focusing geometry is kept the same. Changing the density by translating the gas jet, this is qualitatively verified in the experiment (Fig. 5) . The measured E(z1) is fitted to the function exp[ctn(zi)] where a is from the interferometer measurement. The fitting converges surprisingly well as shown in Fig. 5 , where measurement for Ar at backing pressures of 100 and 200 psi are given. The ratio of fitting factor tX20t/tXi00 is found to be 1.3, close to the expected value of unity. 
